Neuroblastoma is the most common extracranial childhood tumor. High expression of activin A is associated with a favorable prognosis, but the contributing mechanisms have remained unclear. Our previous demonstration of the activin A-mediated up-regulation of keratoepithelin led to the consideration that keratoepithelin could modulate neuroblastoma growth and/or progression. We report here that enhanced keratoepithelin expression in human neuroblastoma cells suppresses neuroblastoma cell cohesion and adhesion to various extracellular matrix proteins and that it inhibits neuroblastoma cell proliferation and invasion in vitro and in vivo. Using microarray analysis, we identified several keratoepithelin-regulated genes that may contribute to these biological changes. Together with the observation that keratoepithelin is expressed in human neuroblastomas in vivo, our data suggest that keratoepithelin could play a beneficial role in neuroblastoma development and/or progression. (Cancer Res 2006; 66(10): 5314-21) 
Introduction
Neuroblastoma is the most common extracranial childhood tumor. It is derived from transformed immature sympathetic neuroblasts. Despite aggressive multimodal therapy, mortality has remained in the range of 40%. Although still ill-defined, several molecular derangements may contribute to the poor clinical outcome. These include amplification of the MYCN oncogene, enhanced expression of TrkB, deletions at chromosome 1, and a loss of TrkA or activin A expression (1, 2) . We have shown previously that overexpression of MYCN promotes tumor angiogenesis by the concomitant down-regulation of three angiogenesis inhibitors (3) . One of these was identified as activin A, a member of the large transforming growth factor-h (TGF-h) family of growth and differentiation factors composed of two inhibin hA chains (4) . We could show that high expression of activin A correlates with favorable prognosis in human neuroblastoma and markedly upregulates keratoepithelin (2) .
Keratoepithelin (also named hig-h3, Bigh3, TGF-h-induced protein h3, or RGD-CAP) was discovered in adenocarcinoma cell lines as a TGF-h-induced secreted 69-kDa protein (5) . It is composed of 683 amino acids and accumulates in the extracellular matrix. The protein includes a NH 2 -terminal signal peptide that is excised during export to the extracellular matrix, four fasciclin-like domains, and a COOH-terminal RGD sequence, which is a putative integrin-binding motif. It has been suggested that keratoepithelin binds to integrins, which are cell surface receptors triggering downstream signaling (6) (7) (8) , and also to several collagen types (9, 10) .
In the past, most studies on keratoepithelin have focused on its mutations and their contributions to the development of corneal dystrophies (11) . Recently, however, keratoepithelin was also found to be up-regulated in malignant tissue, including lung (12) , esophageal (13, 14) , breast (15) , and colorectal (16) cancers, suggesting a tumor-supporting role of keratoepithelin. In contrast, transient expression of keratoepithelin in bronchial epithelial tumor cells leads to growth suppression and reduction of integrin a 5 h 1 expression (17) , and keratoepithelin overexpression in Chinese hamster ovary (CHO) cells resulted in reduced tumor proliferation in nude mice (18) .
Although these and other data suggest that keratoepithelin may be implicated in tumor development and progression, the role of keratoepithelin in malignancy in general is as yet unclear. In particular, it has remained unclear whether keratoepithelin plays a role in pediatric malignancies. We have therefore examined the molecular and biological consequences of keratoepithelin in neuroblastoma, the most common extracranial childhood malignancy.
Materials and Methods
If not stated otherwise, all chemicals were purchased from Sigma (Taufkirchen, Germany), Fluka (Buchs, Switzerland), Merck (Schwalbach, Germany), or local suppliers.
Cell culture. Kelly and IMR5 neuroblastoma cells were cultured in RPMI 1640 (Cambrex, Verviers, Belgium) containing 1% penicillin/streptomycin and 10% FCS (Biochrom, Berlin, Germany).
Cells transfected with vectors were continuously selected in the above medium containing G418 (100 Ag/mL; Invitrogen, Carlsbad, CA).
Cloning of keratoepithelin cDNA. Keratoepithelin mRNA was isolated from activin A-transfected Kelly cells. Reverse transcription was done using Omniscript reverse transcriptase (Qiagen, Hilden, Germany) according to the provided protocols. The cDNA was then subjected to PCR amplification using the following oligonucleotides, including appropriate restriction sites for cloning into pIRES2-EGFP-vector (BD Biosciences Clontech, Heidelberg, Germany; KE/IRES forward 5 ¶-GTCGAGCTCCATGGCGCTCTTC-3 ¶ for the SacI site and KE/IRES2 reverse 5 ¶-CTGCCGCGGTGCATTCCTCCTG-3 ¶ for the SacII site). Restriction enzymes were purchased from MBI Fermentas (St. Leon-Rot, Germany) and T4 ligase from Boehringer (Mannheim, Germany).
Primers were synthesized by MWG Biotech (Ebersberg, Germany). Transfection of cells. Stably transfected cells were established using Superfect reagent (Qiagen). Cells were diluted to 1,000 per 10-cm diameter dish in RPMI 1640 (10% FCS, 1% penicillin/streptomycin, and 600 Ag/mL G418). When single colonies became visible, they were harvested with trypsin-moistened filter paper confetti and transferred to a 24-well plate for propagation.
RNA isolation. Cells were rinsed once with PBS and harvested with Trizol (Invitrogen) directly from the culture plate. Further RNA isolation was done according to the manufacturer's protocol.
Real-time reverse transcription-PCR. Reverse transcription was done with 2 Ag total RNA using Omniscript reverse transcriptase according to the manufacturer's instructions.
Real-time PCR was done using the qPCR SYBR Green kit (Eurogentec, Seraign, Belgium) on a TaqMan thermocycler (ABI, Foster City, CA) according to the respective manuals.
Primers used were KE forward 5 ¶-TTTATCGTAATAGCCTCTGCATT-GA-3 ¶and KE reverse 5 ¶-CATGACAGTCCCCATTGGGG-3 ¶, ATF3 forward 5 ¶-CTCTGCGCTGGAATCAGTCA-3 ¶ and ATF3 reverse 5 ¶-CCTCGGCTTTT-GTGATGGA-3 ¶, dickkopf 1 (DKK1) sense 5 ¶-AGGAAGCGCCGAAAACG-3 ¶ and DKK1 reverse 5 ¶-CACACATATTCCATTTTTGCAGTAATTC-3 ¶, Jun dimerization protein 2 (JDP2) sense 5 ¶-AGGGCACCCATCCAAGGA-3 ¶ and JDP2 reverse 5 ¶-CCGCGTTTTGGTTGCAA-3 ¶, moesin sense 5 ¶-ACTGGGCCGAGA-CAAATACAA-3 ¶ and moesin reverse 5 ¶-AATGCGCTGCTTGGTGTTG-3 ¶, RGS 16 forward 5 ¶-CCTTCAGATACTGTGGGACTCATG-3 ¶ and RGS 16 reverse 5 ¶-CCCTCATCATTAGCCCTTATTCA-3 ¶, serpin B9 sense 5 ¶-GGCATTTGG-GAATTGTTGATG-3 ¶ and serpin B9 reverse 5 ¶-ACAGGTCTCTCTCCGCT-GACA-3 ¶, stanniocalcin 2 (STC2) sense 5 ¶-GGAGCTCCCAGCAGAAAGG-3 ¶ and STC2 reverse 5 ¶-TTGACCAAACAGTGCTGGATCT-3 ¶, and TFPI2 sense 5 ¶-CGATGCTTGCTGGAGGATAGA-3 ¶ and TFPI2 reverse 5 ¶-ACACTGGTCG-TCCACACTCACT-3 ¶.
Microarray experiments. Expression profiles of keratoepithelin-overexpressing cells (KB 24) and vector control cells (Kelly vec) were done on ''G4112A Whole Human Genome Microarrays'' (Agilent Technologies, Palo Alto CA).
RNA for this experiment was prepared with the RNeasy kit (Qiagen) as suggested by the manufacturer. Processing of the RNA and labeling was done according to protocols suggested by Agilent.
Each cRNA probe was labeled with Cy3 and Cy5 and hybridized crosswise in a ''dye swap'' fashion to avoid artifacts due to dye irregularities. Each dye combination was hybridized to arrays in three replicates; six arrays were used for final statistics.
Primary tumor samples of 68 neuroblastoma patients (stage 1: n = 20; stage 2: n = 16; stage 3: n = 7; stage 4: n = 15; stage 4s: n = 10) were analyzed for keratoepithelin expression by using Affymetrix (Santa Clara, CA) U95A microarrays as described previously (19, 20) .
Western blot analyses. Cells were scraped in PBS directly from the culture dishes and adjusted to equal numbers. After centrifugation and removal of PBS, the cell pellets were resuspended in deionized water and boiled directly with SDS-PAGE sample buffer containing and DTT. Wholecell lysates were subjected to SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) using a semidry blot device (Biometra, Göttingen, Germany) at 40 mA for 2 hours.
Blots were blocked overnight at 4jC with TBS (pH 7.5) containing bovine serum albumin (5%) and Tween 20 (0.2%). Subsequent incubations with keratoepithelin 2 primary antibody (11) and secondary antibody against rabbit IgG (Dako, Hamburg, Germany; each diluted 1:3,000 in blocking solution) for 1 hour at room temperature were followed by two washing steps with TBS for 10 minutes. Antibody detection was done by chemiluminescence using Enhanced Chemiluminescence reagent (Amersham Biosciences, Little Chalfont, United Kingdom) as recommended by the manufacturer.
Cell proliferation assays. Cells (10 4 per well) were seeded into 96-well culture plates in 200 AL culture medium. At various times, cells were fixed by adding 50 AL of 25% glutaraldehyde. After incubation for 20 minutes, the medium was removed and plates were washed twice with deionized water. The plates were allowed to dry and 100 AL crystal violet solution (0.1% in deionized water) was added to each well. After 20 minutes, the dye was removed; the plates were washed thrice with deionized water and dried again. The dye was resolved in 100 AL of 10% acetic acid and absorption at 570 nm was determined using a micro plate reader (Molecular Devices, Sunnyvale, CA).
Cell adhesion assays. Tissue culture plates (96-well; Costar, Bodenheim, Germany) were coated with triplicate serial dilutions (0-20 Ag/mL) of laminin 5, collagen I, collagen IV, or fibronectin. After saturation with 1% bovine serum albumin, equal numbers of KB 24 or Kelly vec cells were seeded on the coated wells. After an incubation period of 30 minutes, cells were fixed, stained with crystal violet, and quantified using a multiplate reader as described previously (21) .
For adhesion time kinetics, cells were seeded at equal amounts to 96-well cell culture plates in eight replicates per cell line and time point. At various times, medium and nonadherent cells were aspirated and the remaining adhesive cells were further incubated. Cells were fixed 16 hours after seeding, stained, and quantified as described above.
Cell invasion and migration assays. Cells resuspended in serum-free medium (5 Â 10 4 in 500 AL) were seeded into BioCoat cell culture inserts (8 Am pore size, Becton Dickinson, San Diego, CA) with or without Matrigel coating on the upper side. The inserts were placed into a 24-well cell culture plate with RPMI 1640 containing FCS (20%). After 72 hours, cells that had crossed the membrane were stained with hematoxylin. The cell number was counted microscopically at Â200 magnification in four fields (north, east, south, and west) of each membrane.
Spheroid assays. Spheroids were established as described (22) . In brief, cells were harvested from culture plates and quantified. Cells were diluted to 1:000 per 100 AL medium containing 10% Methocel (basal medium containing 2.4% methylcellulose). Cell suspension (100 AL) was seeded to each well of 96-well U-shaped cell culture plates for suspension cell cultures. Spheroids were allowed to form and grow for 10 days at 37jC and 5% CO 2 .
Spheroid outgrow in Matrigel. Multiwell plates were coated with 50 AL ice-cold Matrigel (BD Biosciences, San Diego, CA) and incubated for 30 minutes at 37jC. Ten-day-old spheroids were set on the hardened Matrigel by using cutoff pipette tips. The spheroids were then overlaid with 50 AL Matrigel and placed into a cell incubator at 37jC under 5% CO 2 . After the top layer was hardened, 100 AL cell culture medium (see above) was gently applied to each well. Every second day, the medium was aspirated and replaced by fresh medium. Growth was documented by digital microscopy photography using Leica equipment (Leica, Bensheim, Germany).
Chick chorioallantoic membrane assays. These experiments were done essentially as described previously (23) .
Animal experiments. Cells (10 7 in Matrigel) were injected s.c. into nude mice. The animal's weight and tumor volumes were determined every second day. Tumor volumes were quantified using venire calipers. Volumes were estimated using the formula: V tumor = height Â length Â width Â 0.7. Animals were sacrificed when the tumor volume exceeded 2.5 cm 3 or when day 42 of the experiments was reached. All animal experiments were done according to guidelines of local and national authorities.
Results
We have shown recently that the prognostically unfavorable MYCN oncogene can down-regulate activin A in human neuroblastoma cells, that activin A inhibits growth and angiogenesis of experimental human neuroblastomas, and that activin A upregulates keratoepithelin (2) . These data suggested that MYCN loss could permit up-regulation of activin A and that the subsequent up-regulation of keratoepithelin could contribute to the beneficial effects of activin A in human neuroblastoma. To support this hypothesis, we established gene expression profiles of human neuroblastoma samples (n = 68) using Affymetrix arrays. Although we found no significant correlation between keratoepithelin mRNA levels and outcome or clinical stages (data not shown), we were able to show a significant correlation (P < 0.05) of MYCN amplification with decreased keratoepithelin mRNA expression. To substantiate our hypothesis, we attempted to develop an experimental system using neuroblastoma cells with or without keratoepithelin expression.
Keratoepithelin overexpression in human neuroblastoma cell lines. For stable overexpression of keratoepithelin, we selected the human neuroblastoma cell line Kelly (2) . Among the successful transfectants, we chose two cell clones with moderate (KB 16) or high (KB 24) keratoepithelin expression levels. Using real-time reverse transcription-PCR (RT-PCR), we found keratoepithelin transcript levels in the KB 16 or KB 24 clones to be f20-to 150-fold above those in untransfected wild-type (Kelly wt) or Kelly vec control cells (Fig. 1A) . That keratoepithelin expression resulted in keratoepithelin protein synthesis was confirmed by Western blot analysis, showing 70-kDa keratoepithelin immunoreactive protein doublets in lysates of KB 16 or KB 24 but not Kelly wt or Kelly vec cells, respectively (Fig. 1B) . The duplex bands probably reflect the presence of both the immature 78-kDa and the processed 69-kDa keratoepithelin lacking the NH 2 -terminal signal peptide. To examine whether keratoepithelin is also released from the cells, we examined concentrated cell supernatants for the presence of keratoepithelin. As expected, keratoepithelin immunoreactivity was present in supernatants of the keratoepithelin-transfected but not the control cells (Fig. 1C) . There was only one major keratoepithelin immunoreactive band detectable in conditioned medium, supporting the hypothesis that the duplex band in Fig. 1B is due to processing into the mature protein.
Keratoepithelin modulates cell morphology. The keratoepithelin-expressing neuroblastoma cell clones KB 16 and KB 24 but not the control cells (Kelly wt and Kelly vec) appeared opalescent and round ( Fig. 2A) , suggesting that keratoepithelin modulates cell adhesion and/or cohesion.
Keratoepithelin suppresses cell cohesion. The latter hypothesis was tested using a spheroid assay. Cells were seeded into U-shaped uncoated cell culture dishes, thus preventing cellular adhesion and promoting cellular spheroid generation exhibiting intact cell-cell adhesion properties. Whereas Kelly wt and Kelly vec cells were able to form compact, round-shaped spheroids, KB 16 and KB 24 cells were unable to do so and rather formed small, irregular, and friable aggregates (Fig. 2B ) , suggesting that keratoepithelin attenuates cohesion of human neuroblastoma cells. . A, cells were harvested and mRNA and cDNA were prepared as described in Materials and Methods. Keratoepithelin expression levels were determined by quantitative real-time RT-PCR using SYBR Green. Expression levels are given as relative expression when compared with the control cells (Kelly wt; i.e., 1). B, cell lysates were separated by SDS-PAGE and subjected to Western blot analysis using specific antibodies against keratoepithelin as described in Materials and Methods. C, conditioned serum-free medium was harvested after 48 hours and concentrated 10-fold with a 10-kDa cutoff membrane centrifugation unit and subjected to Western blotting and immunodetection as described in Materials and Methods. B and C, representative of at least three separate experiments. Keratoepithelin impairs cell adhesion. To determine whether keratoepithelin also modulates neuroblastoma cell adhesion, we quantified the ability of cells to adhere to culture dishes as a function of time. As shown in Fig. 2C , the keratoepithelinexpressing cell clones KB 16 and KB 24 had reduced adhesive potentials (P < 0.05) when compared with the control cells. To identify the molecular mechanisms by which keratoepithelin alters neuroblastoma cell adhesion, we examined the integrin-mediated ability of the neuroblastoma cell clone KB 24 to adhere to various extracellular matrix proteins, including laminin 5, fibronectin, collagen I, and collagen IV. When compared with the controls (Kelly vec), KB 24 cells had a reduced ability to adhere to all proteins tested, suggesting a general rather than a specific adhesive defect in keratoepithelin-expressing cells (Fig. 2D) .
Keratoepithelin inhibits invasion in vitro. The results presented above suggested that keratoepithelin could also modulate invasion of human neuroblastoma cells. To test this hypothesis, we examined the abilities of the KB 16 or KB 24 neuroblastoma clones to invade extracellular matrix-containing gels (Matrigel). When compared with the controls (Kelly wt/Kelly vec), the keratoepithelin-expressing cell clones were barely able to cross the gel and their invasive potentials were in the range of only 20% to 50% of that of the controls (Fig. 3A) . Remarkably, there was no difference in the migratory potency of keratoepithelinexpressing and control cells when tested on uncoated membranes (data not shown). We therefore assumed that keratoepithelin might suppress invasion rather than migration.
To verify this hypothesis, we used a modified spheroid assay in which the tumor cell spheroids are implanted into Matrigel. Again, cells from spheroids of Kelly wt and Kelly vec cells invaded the surrounding matrix and became visible at the edge of the spheroid. In contrast, KB 16 cells barely invaded the gels (Fig. 2B) . Spheroids of KB 24 cells (with high keratoepithelin expression) were too friable for transfer into Matrigel and could not be tested.
Keratoepithelin inhibits cell proliferation. For further characterization of the keratoepithelin-expressing cell lines, we compared the proliferation rates of KB 16 and KB 24 with those of the control (Kelly wt and Kelly vec) cells in vitro (Fig. 4A) . Whereas proliferation rates of the controls were similar, those of the KB 16 and KB 24 clones were considerably lower and ranged between only 60% and 75% of the controls (Fig. 4A) . Similar results were obtained when cell numbers were determined using a Coulter particle counter (data not shown).
Keratoepithelin inhibits tumor growth in vivo. The results obtained using in vitro methods suggested that keratoepithelin could suppress tumor growth and progression in vivo. To test this hypothesis, we used two different methods [i.e., the chorioallantoic membrane (CAM) assay in the chick embryo and the mouse tumor assay]. The CAM represents a natural epithelial barrier that can only be overcome by highly invasive tumor cells. The successful tumor cells have then the ability to proliferate and expand beyond a size of a few millimeters. However, expansion depends critically on the angiogenic potential of the cells. When KB 16, KB 24, and control (Kelly wt and Kelly vec) cells were seeded onto the CAM, visible tumors developed in 60% of the embryos, which had received control cells, but in only 20% (P < 0.05) of the embryos, which had received KB 16 or KB 24 cells, respectively (Fig. 4C) . In addition, KB 16-or KB 24-derived tumors were considerably smaller than those derived from the control cells (data not shown). Thus, keratoepithelin suppresses invasion and progression of experimental human neuroblastomas.
To exclude artifacts related to the methodology, we sought to confirm these data using a second animal model. After injecting the neuroblastoma cells s.c. into nude mice, we compared the tumor-forming abilities of KB 16 and KB 24 cells with those of control cells (Kelly wt and Kelly vec). Again, Kelly wt and Kelly vec cells rapidly formed visible tumors, whereas the KB 16 or KB 24 clones were unable to do so (P < 0.05; Fig. 4D ). On explantation, we observed that tumors derived from control cells were wellvascularized and occasionally included necrotic areas, whereas tumors derived from the KB 16 or KB 24 clones were small and sometimes had not grown beyond the in situ stage (Fig. 4D, insets; data not shown).
To verify the potential general nature of our results, we established a second keratoepithelin-expressing cell line based on the human neuroblastoma cell line IMR5. We chose a clonal cell line (IB 1) with high keratoepithelin expression as confirmed by Western blot analysis (data not shown). Like the keratoepithelinexpressing KB 16 and KB 24, the IB 1 cells appeared more opalescent than the IMR5 parental cells (IMR5 wt) or vector controls (IMR5 vec; Fig. 2B ). IB 1 cells were f70% to 80% less invasive than IMR5 wt and IMR5 vector control cells (Fig. 3A) . Proliferation of IB 1 cells was also reduced by f75% compared with the controls (IMR5 wt and vec; Fig. 4B ). Overall, experiments with keratoepithelin-expressing IMR5 cells gave results very similar to those obtained by experiments with KB 16 and KB 24 cells, indicating that our results are of general relevance rather than being a function of a specific cell line. (10 5 ) in serum-free medium were seeded in BioCoat Matrigel invasion chamber inserts and examined for their invasive capacities as described in Materials and Methods. Representative of one of three experiments. Columns, mean; bars, SD. B, invasion of cells from spheroids into surrounding Matrigel. Ten-day-old spheroids derived from Kelly wt, Kelly vec, or KB 16 cells were placed in Matrigel as described in Materials and Methods. Pictures were taken at day 12 (magnification, Â100). Spheroids of the KB 24 cells were not tested because due to their low cohesion properties they could not be transferred into the Matrigel without breaking.
In summary, we have shown here that keratoepithelin suppresses neuroblastoma cell proliferation and progression in several experimental settings. Because identification of the underlying molecular mechanisms could be of future relevance in terms of neuroblastoma diagnosis and therapy, we compared gene expression profiles of the keratoepithelin-expressing KB 16 and KB 24 cells with those of the control cells using Whole Human Genome Microarrays (G4112A). Statistical analysis of the data obtained revealed 102 differentially (by a factor >2) regulated genes (data not shown). Of these, 65 genes were apparently up-regulated and 37 down-regulated in the keratoepithelin-expressing cells (data not shown). Of the 102 potential targets, 28 were unknown transcripts with no available annotations and were therefore not further considered. The remainders were sequences whose corresponding genes are implicated in various activities, including signaling, adhesion, migration, invasion, or tumor progression. From these genes, the most interesting with regard to expression levels and/or gene function were selected for validation by real-time RT-PCR. The results revealed that some of the selected genes were obviously not consistently regulated between Kelly wt and Kelly vec or KB 16 and KB 24, respectively, and therefore rated as ''false positives.'' However, eight transcripts could be validated (Table 1) and their qualitative regulation matched that found by microarray analyses. The JDP2, TFPI2, DKK1, STC2, ATF3, and RGS 16 genes were upregulated in KB 16 and KB 24 cells, whereas the moesin and serpin B9 genes were down-regulated. Some of these genes (JDP2, TFPI2, and serpin B9; cf. Table 1) were regulated in a dose-dependent manner.
Discussion
Thus far, knowledge about the potential role of keratoepithelin in solid malignancies is fragmentary and controversial. Recently, we showed for the first time that activin A up-regulates keratoepithelin in human neuroblastoma cells (2) . Here, we sought to elucidate the potential functional consequences of keratoepithelin expression in human neuroblastoma. For our experiments, we chose the highly malignant and well-characterized human neuroblastoma cell line Kelly (24) . By transfection with a keratoepithelin-containing vector, we obtained two cell clones with stable moderate to high keratoepithelin expression, named KB 16 and KB 24 (Fig. 1) . The derived cell lines KB 16 and KB 24 exhibited a reduced potential to adhere to standard cell culture dishes ( Fig. 2A and C) . One might argue that adhesion differences between control cells and keratoepithelin-expressing cells (P < 0.05) occur before 2 hours after plating the cells (cf. Fig. 2C ). However, based on our observation during maintenance of the cells, we think that the differences in cell adhesion in Fig. 2C do not arise because there are fewer cells attached to the plate but rather because adhesion strength of the keratoepithelin transfected cells is significantly lower than in control cells, although they share a similar time course. KB 24 cells were also tested for their ability to adhere to specific substrates, including fibronectin, laminin 5, collagen I, and collagen IV (Fig. 2D) . 3 cells each were seeded in eight replicates into 96-well plates. At the indicated times, cells were fixed and stained with crystal violet and dye accumulation was quantified at 570 nm. Cell proliferation was calculated as percent value of the absorbance at day 1 for each cell line. Representative of three experiments. Points, mean; bars, SD (hidden by the symbols). C, in vivo, cells were seeded on the CAM of 10-day-old chick embryos. After 8 days, tumor formation was macroscopically evaluated and any visible tumor (magnification, Â40) was counted. Tumor formation is given as percent of the number of evaluated eggs (n). *, P < 0.05 for KB 16/KB 24 versus Kelly wt/vec. Inset, representative tumor derived from Kelly wt cells. D, in vivo, 10 7 cells of either cell line were injected s.c. into immunodeficient mice as described in Materials and Methods. Points, mean tumor volumes; bars, SE for the average final tumor volume (for KB 16 and KB 24 hidden by symbols). *, P < 0.05 for Kelly wt/vec versus KB16/24. Insets, representative tumors derived from the indicated cell lines.
Interestingly, keratoepithelin has been reported previously to bind to collagen (9, 10), and we found a general inability of the keratoepithelin-expressing cells for adherence. As shown here by spheroid-forming assays (Fig. 2B) , keratoepithelin-expressing cells are also defective in cell-cell interaction. Keratoepithelin was proposed to function as a cell adhesion molecule based on the observation that keratoepithelin coating promoted cells adhesion presumably by interaction with cellular integrins (6, 25) . It seems possible that binding of integrins to precoated keratoepithelin enhances adhesion, whereas expression of keratoepithelin within cells blocks the cells' own integrins, thereby preventing adhesion to substrates and cell-cell contacts. However, judging from our microarray data, other molecular mechanisms may also contribute to the adhesion defect of keratoepithelin-expressing cells (Fig. 5) .
The ability to invade adjacent normal tissue is a key prerequisite for malignant tumor progression. We therefore tested the invasive potential of the keratoepithelin-expressing cell lines KB 16 and KB 24 (Fig. 3) . Using two different methods (i.e., Matrigel-coated chambers and spheroids embedded in Matrigel), we showed that keratoepithelin-expressing neuroblastoma cells are considerably less invasive than control cells with no keratoepithelin expression and these effects are apparently dose-dependent (cf. Fig. 1 ).
Nam et al. have reported previously that blocking a v h 3 integrin by antibodies or a synthetic peptide from the keratoepithelin sequence inhibits migration of endothelial cells (8) . We could not find a difference in migration among KB 16, KB 24, and the control cell lines (data not shown), suggesting that this antimigratory effect of keratoepithelin may be restricted to endothelial cells. In further experiments, we examined the proliferative properties of KB 16 and KB 24 cells. In vitro, both cell lines are clearly growth inhibited compared with Kelly wt and Kelly vec cells (Fig. 4A ) and the rate of inhibition correlates with the amounts of keratoepithelin expressed (see Fig. 1 ). This result may conflict with recently published results, where renal epithelial cells showed enhanced proliferation when they were seeded on keratoepithelin-coated dishes (26) . In early studies, Skonier et al. made the observation that keratoepithelin is mainly expressed in slow-growing tumor cells. Thus, their data match our results (5).
We have also transfected a second cell line, IMR5, to establish stably keratoepithelin-expressing cells. These cells, called IB 1, appeared more opalescent than control cells under standard cell culture conditions (Fig. 2A) . They are less invasive (Fig. 3A) and proliferate slower compared with control cells (IMR5 wt and IMR5 vec). Taken together, keratoepithelin expression in IMR5 cells causes a phenotype very similar to that in Kelly cells and both cell lines exhibit very similar behavior in vitro. We therefore conclude that our findings are representative and relevant.
To test the relevance of keratoepithelin expression in vivo, we first chose the chick CAM model (Fig. 4C) . Kelly wt and Kelly vec cells seeded on the CAM of chicken embryos were able to form visible tumors in 60% of the tested embryos. In KB 16 and KB 24 cells, tumor formation was reduced to 20% (P < 0.05) and the few tumors were barely visible. A similar observation was made when we injected the cells s.c. into nude mice (Fig. 4D) . There was barely tumor formation of KB 16 and KB 24 cells (P < 0.05), whereas Kelly wt and Kelly vec cells rapidly formed huge tumors. Therefore, our results suggest an important effect of keratoepithelin on tumor progression in vivo. Similar results were published for keratoepithelin-expressing CHO cells in nude mice (18) . However, to our knowledge, this is the first time that keratoepithelin-expressing tumor cells have been tested using in vivo models.
Keratoepithelin is believed to exert its effects on migration, proliferation, and adhesion via interaction with integrins (6-8). Thus far, however, nothing is known about the potential downstream mediators of the assumed keratoepithelin-integrin signaling pathway.
Comparison of expression profiles from Kelly vec and KB 24 cells and subsequent validation of selected genes suggested some of the molecular mechanisms, which might be triggered in keratoepithelinexpressing neuroblastoma cells (Fig. 5) . For example, moesin, a member of the ezrin-radixin-moesin complex linking the cytoskeleton to the membrane, participating in Rho/Rac-mediated signal transduction, and contributing to cell shaping, cell-matrix, and cellcell adhesion as well as spreading and motility of malignant cells (27, 28) , is down-regulated in KB 16 and KB 24 cells (Table 1) . RGS 16, which was found to be up-regulated in both keratoepithelinexpressing cell lines, may also influence cell-cell and cell-matrix interactions, as it limits signals from G-protein-coupled receptors by activation of GTPases (29) . Because G-protein signaling is also implicated in the moesin action, both moesin and RGS 16 may (at least in part) contribute to the reduced adhesion/cohesion of keratoepithelin-expressing cells. We have also shown that keratoepithelin suppresses invasion in vitro and in vivo (Figs. 3 and 4B and C) and up-regulates TFPI2 and ATF3 (Table 1) . Because TFPI2 inhibits invasion and migration [presumably by inhibiting the activities of plasmin and matrix metalloproteinases (MMP); refs. [30] [31] [32] and ATF3 inhibits MMP-2 expression (33), the keratoepithelin-mediated up-regulation of both molecules could contribute to the suppression invasion and tumor formation in KB 24 and KB 16 cells (Fig. 5) .
Keratoepithelin also up-regulates molecules involved in cell differentiation and proliferation. These include DKK1, STC2, and JDP2. DKK1 is a potent inhibitor of the Wnt/h-catenin pathway and deregulation of Wnt signaling is thought to contribute to the development of numerous human cancers by shifting the tumor cells back to a ''stem cell-like'' proliferative state (34) . This opinion is supported by the finding that inhibition of Wnt signaling by DKK1 leads to an increased expression of epithelial differentiation markers (35) and a recent publication by Oh et al., suggesting a role for keratoepithelin in keratinocyte differentiation (36) .
STC is a glycoprotein hormone involved in fish mineral homeostasis, but its function in vertebrates is still unclear. Human STC2, which is closely related to STC, was found to correlate with favorable prognosis in estrogen receptor-positive breast cancer (37) and expression in transgenic mice induces inhibition of embryonic growth (38) . Although these data suggest a favorable role for STC2 in tumor development, Wong et al. reported STC2 to be down-regulated in Neuro2A mouse neuroblastoma cells during dibutyryl cyclic AMP-triggered differentiation (39) . This suggests that STC2 rather contributes to an undifferentiated malignant phenotype and raises the need for further investigations on STC2 function in neuroblastoma.
JDP2 is a regulator of the c-Jun/c-Fos signaling pathway. It is able to dimerize with c-Jun and thus inhibits formation of the AP1 transcription activating complex (40) . It has been shown that JDP2 prevents cell transformation by Ras and inhibits tumor cell growth in nude mice (41) . Additionally, JDP2 expression inhibits cell cycle progression in rhabdomyosarcoma and induces muscle cell differentiation (42) . These data indicate that JDP2 may also contribute to the phenotype of keratoepithelin-expressing cells by regulating the expression of other molecules. The last example for regulated genes we found is serpin B9, a member of the serine protease inhibitor family that inhibits granzyme B-mediated apoptosis (43, 44) . As treatment of CHO and H1299 cells with RGD peptides from keratoepithelin was shown to induce apoptosis (45) , this might be in part due to serpin B9 down-regulation. By fluorescence-activated cell sorting analysis, we could not find significant differences in apoptosis between keratoepithelinexpressing and control cells (data not shown). It seems possible that despite there is no increase in apoptosis the cells might have an increased susceptibility for apoptotic stimuli.
In summary, our data suggest that keratoepithelin is an important mediator of the activin A-induced beneficial changes in neuroblastomas by shifting the cells toward a benign phenotype characterized by decreased adhesion, invasion, and proliferation in vitro. We have also shown for the first time that stable expression of keratoepithelin in human neuroblastoma cells causes a dramatic inhibition of tumor formation and progression in vivo. This shift of the phenotype from malignant to benign is accompanied by changes in the expression levels of several genes known to be relevant for adhesion, invasion, proliferation, and tumor progression. Our data were raised with two independent cell clones expressing different quantities of keratoepithelin. That keratoepithelin expression correlated in a quantitative manner with the functional consequences supports the notion that they are not artifactual but, in fact, keratoepithelin specific.
In array experiments and immunohistochemical analyses (data not shown) with samples from 68 patients, we found keratoepithelin being expressed in some but not all neuroblastomas. We found no significant correlation with the stage of disease or patient outcome (data not shown) but rather an inverse correlation between expression levels of the MYCN oncogene and keratoepithelin. Future investigations are necessary to elucidate the clinical effect of keratoepithelin in neuroblastoma as well as the underlying signaling pathways and potential effector molecules.
